We explore whether lidar (light detection and ranging) and EM (electromagnetic induction) can improve the accuracy and resolution of wetland mapping that has historically been based chiefly on analysis of aerial photographs. Using Mustang Island on the central Texas coast as an example, we exploit (1) the known strong relationship between elevation and coastal habitat by comparing a lidar-derived digital elevation model (DEM) with existing wetland maps and detailed vegetation transects, and (2) another known strong relationship between soil and water salinity and coastal habitat by collecting and comparing EM-derived conductivity data with elevation and vegetation type across the island.
We selected two representative transects across Mustang Island ( Figure 1 ) where we surveyed vegetation type and measured the electrical conductivity of the ground. Electrical conductivity, which is closely correlated to salinity, was measured noninvasively along the transects using a ground conductivity meter.
We employ two classification systems to examine the relationship between elevation, conductivity, and coastal vegetation assemblages: that used by the U.S. Fish and Wildlife Service in the National Wetlands Inventory (NWI) program, and that used in our ground-based mapping that includes wetlands and other associated coastal environments. Environments include beach, dune, vegetated-barrier flat (VBF), fresh and saltwater marsh, and wind-tidal flat ( Figure 2 ) that each have correlative categories within the NWI system (Table 1) .
Methods. We combined elevations mapped using airborne lidar with ground conductivity measurements and a vegetation survey acquired along the Mustang Island State Park and Port Aransas transects (Figure 1 ) across the island. We compared elevation and ground conductivity data with vegetation assemblages and coastal barrier environments as determined from the vegetation survey and as depicted on NWI wetland maps.
The University of Texas at Austin Bureau of Economic Geology lidar team acquired and processed airborne lidar data along the two Mustang Island transects in September and October 2003. Lidar x, y, and z points were generated by combining laser range and aircraft attitude data collected using an Optech Airborne Laser Terrain Mapper 1225 with position data collected using geodetic quality GPS airborne and ground-based receivers. The lidar point data have a vertical accuracy of about 15 cm.
We combined lidar point data to produce a DEM that covers the area from the gulf beach to the bay shore. Additionally, we constructed gulf-to-bay elevation profiles and extracted lidar data points within 1.5 m of a transect station to produce an average elevation where we also measured ground conductivity and vegetation characteristics.
We used the frequency-domain EM method to measure apparent electrical conductivity along the Mustang Island transects. Frequency-domain EM employs a changing primary magnetic field created around a transmitter coil to induce current to flow in the ground, which in turn creates a secondary magnetic field that is sensed by the receiver coil. The strength of the secondary field is a complex function of EM frequency and ground conductivity, but generally increases with ground conductivity.
We used a Geonics EM38 ground-conductivity meter (Figure 3 ) to measure the apparent conductivity of the ground to a depth of about 0.8 m (horizontal dipole [hd] orientation) and 1.5 m (vertical dipole [vd] orientation). We measured apparent conductivity in December 2003 at stations spaced 20 m apart from the gulf beach to the bay shore.
At each transect location, we recorded plant species, percent cover, vegetation height, and soil wetness. We combined aerial photograph signatures and field observations to classify the locations into one of the following coastal environments: beach, dune, VBF, freshwater marsh, brackish to saltwater marsh, and wind-tidal flat (Figure 2 1, 4), extending 2.2 km from the gulf beach to the Corpus Christi Bay shore. We surveyed vegetation and measured apparent conductivity at 112 locations along this transect and obtained elevations at these locations from the lidar DEM ( Figure 5 ).
Elevation and vegetation. Elevations range from 0.01 to 5.5 m along the transect (Figure 6 ). Highest elevations were measured across the fore-island and mid-island dunes. Lowest elevations were found on the forebeach and on the salt marsh and wind-tidal flats bayward of the mid-island dunes. Transect locations having the highest elevations generally correlated with mapped upland or high palustrine units and locations having the lowest elevations generally coincided with mapped estuarine units (Table 2, Figure 5 ).
At about one-third of the locations, vegetation was sufficiently dense to question whether the lidar-derived elevation represented the ground surface or the top of the vegetation mass. At these locations, measured height of massed vegetation averaged 0.5 m. If known, these heights can be subtracted from the lidar-derived elevation profile to produce a corrected ground-surface elevation profile. In densely vegetated areas, vegetation mass might cause significant overestimation of land-surface elevation and possible misclassification of environments based on lidar data alone.
Transect locations with the highest elevations generally correlated with mapped upland or high palustrine units and locations with the lowest elevations generally coincided with mapped estuarine units ( Figure 6 ). Average elevation was highest for upland (U) locations (Table 2 ), but elevation ranges for this unit overlapped with other mapped units. The highest of the mapped palustrine units (PEM1A) had the next highest average elevation. Unit PEM1C, topographically lower than PEM1A, had a slightly lower average elevation. Estuarine units E2EM1P, E2EM1N, and E2USP have similar average elevations that are considerably lower than those for the upland and palustrine units. Elevation limits for the mapped upland and palustrine units overlap, as do ranges for the estuarine units (Table 2) . Nevertheless, there is a distinct difference in average elevation (and little overlap in elevation range) between the palustrine and estuarine units.
During the ground-based survey, we classified each location into one of nine coastal environments based on field characteristics such as vegetation (Table 3, Figure 7 ). Most common were dune, VBF, and low and high wind-tidal flat. These ground-based surveys produced an environmental classification with higher spatial resolution than that depicted on the NWI maps, and one that is more representative of the variability evident from the topographic profile (Figure 7) . The dune environment has the highest average elevation as well as the largest elevation range, overlapping at the low end with the VBF, fresh marsh, and beach environments (Table 3) . Relatively high elevation averages are associated with VBF, high fresh marsh, low fresh marsh, and beach environments, which all have some degree of overlap in elevation ranges. Distinctly lower elevation averages are associated with high and low salt marsh and high and low wind-tidal flats. Elevation ranges for these environments overlap with each other, but not with fresh marsh, VBF, or dune environments.
Conductivity and vegetation.
Measured apparent conductivities range over three orders of magnitude from very resistive ground at a few mS/m to relatively conductive ground at more than 2000 mS/m (Figure 6 ). High apparent conductivities were measured near the gulf shoreline, along two mid-island segments, and near the bay shoreline. Lowest apparent conductivities were measured just inland from the gulf shoreline and along two mid-island segments.
Measured conductivities correlate reasonably well spatially with mapped NWI units ( Figure 6 , Table 2 ). Upland (U) and high palustrine (PEM1A) units tend to occur where apparent conductivities are low, whereas lower palustrine (PEM1C), estuarine (E2EM1P, E2EM1N, and E2USP), and marine (M2USN) units are mapped where apparent conductivities are moderate to high. Average apparent conductivities (Table 2) are highest for the topographically lowest estuarine unit (E2USP), decrease slightly for the next lowest estuarine unit (E2EM1N), and decrease further for the highest of the estuarine units (E2EM1P). Marine-influenced (M2USN) and the lowest palustrine (PEM1C) units have lower conductivities that do not overlap with those measured for the more conductive estuarine units ( Table 2) . The lowest average conductivity is measured in upland (U) areas. Slightly higher average conductivity is associated with the highest palustrine unit (PEM1A). The conductivity range measured for upland (U) units overlapped with ranges measured for locations within palustrine units, but not with marine or estuarine units.
Coastal environments also correlate well with measured apparent conductivity (Table 3, Figure 6 ). Highest apparent conductivities occur in beach, low fresh marsh, low and high salt marsh, and low and high wind-tidal flat environments (Figure 7) . Lowest apparent conductivities occur in dune, VBF, and low and high fresh marsh environments. Dune locations have the lowest average conductivity, but their measured range extends above the average values observed for low and high fresh marshes (Table 3) . Low average conductivities are also found in VBF environments. Gulf beach and bay berm environments have higher average apparent conductivities than are found in dune and fresh marsh environments. Salt marsh and wind-tidal flats have the highest apparent conductivities. There is an increase in average apparent conductivity from high to low salt marsh and from low to high wind-tidal flat. Ranges of measured conductivities overlap for the salt marsh and wind-tidal flats and for the dunes, VBFs, and fresh marshes, but there is little or no overlap in observed conductivity range between these two groups of relatively saline and nonsaline environments.
Elevation, conductivity, and vegetation. In general, elevation and apparent conductivity vary inversely along the MISP profile (Figure 6 ), reflecting the strong inverse correlation between elevation and salinity in coastal environments. As elevation decreases, the frequency of flooding by saline water increases. At higher elevations, infrequent saline flooding, infiltrating fresh precipitation, and relatively dry soil combine to produce less electrically conductive soil. Conductivity values vary over a greater range than do elevations, but both vary significantly and measurably across the island.
We can attempt to better discriminate NWI and coastal environment units that may have overlapping elevation or conductivity ranges by combining elevation and apparent conductivity (Figure 8 ). For example, locations within the NWI upland (U) unit generally have both low apparent conductivities and high elevations, whereas the highest palustrine unit (PEM1A) generally has lower elevations and higher conductivities (Figure 8a ). High and low palustrine units PEM1A and PEM1C have minor differences in elevation but more distinct differences in apparent conductivity. Estuarine and marine units have both very low elevations and very high apparent conductivities.
Similarly, dune environments have high and highly variable elevations, but have low conductivities that vary over a relatively small range (Figure 8b ). VBF environments generally have lower elevations than dune environments and higher and more variable conductivity values. High fresh marshes have elevations that are indistinguishable from VBF environments, but have apparent conductivities that tend to be higher than those measured in the VBFs. Salt marshes and wind-tidal flats have very low elevations and very high apparent conductivities.
Advantages and limitations.
Airborne lidar offers accurate elevations that can help classify wetlands and associated habitats accurately. Comparisons of mapped NWI units with lidar-derived topographic profiles across Mustang Island show that topographic detail achieved with lidar allows better discrimination of wetland and upland units. Comparisons of lidar-derived elevations with field-identified coastal environments show similar detail. Lidar-derived elevations can complement aerial photographic analysis by helping to distinguish coastal environments as well as upland, palustrine, estuarine, and marine habitats that may have ambiguous photographic signatures.
Most NWI habitats and coastal environments have distinct average elevations but rather wide elevation ranges that overlap to varying degrees with other habitats and environments. Further, lidar may not penetrate to the ground surface in densely vegetated areas, producing an anomalous elevation at those points that may be significantly higher than the ground-surface elevation and lead to poten- Table 3 . Elevation and apparent conductivity ranges* tial misclassification of habitat or environment.
Conductivity is highly inversely correlated to lidarderived elevation on the Mustang Island transects. EMderived conductivities correlate well with NWI habitat and coastal environments. EM and lidar data achieve similar levels of detail exceeding that depicted on NWI maps. Conductivities closely track changes in coastal environment, suggesting that EM data could be used to classify coastal environments to the same level achievable with groundbased vegetation surveys.
Average conductivities for each NWI unit and coastal environment are distinct, but the ranges of conductivities overlap to varying degrees. Upland and fresh environments are most easily distinguishable from estuarine and marine units because conductivity strongly responds to changes in salinity. Overlap in ranges could lead to misclassification of units if the classification is based on conductivity alone.
Classifying wetland and coastal environments.
Correlations among wetland habitat, coastal environment, elevation, and conductivity suggest that lidar and EM data could be used to improve the accuracy of coastal habitat classification and perhaps partly automate the process. One approach would be to combine photographic, elevation, and conductivity data in a common spatial environment, using elevation and conductivity as a supplement to aid classification of ambiguous habitat signatures on aerial photographs.
A more quantitative approach would be to establish elevation and conductivity statistics for habitats and coastal environments, then use measured elevations and conductivities to classify locations according to proximity of each measurement to average elevation and conductivity for each habitat or environment. Because the statistics (such as average, range, and standard deviation) could be calculated for each unit type, probabilities of accurate classification could be assigned. Distinct elevations and conductivities in upland and fresh habitats and estuarine and marine habitats would produce a low probability of misclassification. Misclassification probabilities among habitats with more elevation and conductivity overlap, such as between some estuarine and marine units and saline environments, would be higher.
Future work. Preliminary results are encouraging, but uncertainties remain before elevation and conductivity data can be used routinely and accurately in coastal habitat classification. Further work is needed to (1) determine where vegetation density is great enough to prevent lidar from detecting the top of vegetation rather than the ground surface; (2) examine changes in conductivity related to seasonal variations in precipitation and ambient temperature; and (3) increase the efficiency of conductivity surveys by using aircraft-towed instruments to rapidly and remotely acquire conductivity data at multiple explorations depths, enabling simultaneous vegetation mapping and deeper investigations of fresh and saline groundwater. T L E Figure 8 . Elevation and apparent conductivity of (a) 1992 NWI units, and (b) coastal environments along the MISP transect.
